Two patients with direct tandem duplications of mitochondrial DNA (mtDNA) and mitochondrial myopathy are described. The breakpoint regions between duplicated segments were amplified using the polymerase chain reaction (PCR), cloned and sequenced. The distribution of normal and abnormal genomes in different tissues was investigated using Southern hybridisation, and in different cells within the same tissue using PCR. In each case the gene for cytochrome oxidase subunit I (MTCOX1) was interrupted, creating reading frames which if transcribed and translated would result in truncated versions of this peptide. Heteroplasmy and mosaicism for the abnormal mtDNA population was apparent.
INTRODUCTION
In the past year, mutations of mitochondrial DNA (mtDNA) have been described in association with human disease: deletions in mitochondrial myopathy (MM) 1 2 3 and Pearson's syndrome 4 , and a point mutation in Leber's hereditary optic neuropathy (LHON) 5 . We have recently described two patients with Keams-Sayre syndrome (KSS) and diabetes mellitus, in whom tandem direct duplications of mtDNA were demonstrated using Southern hybridisation 6 . Unlike the cases with deletions, in these patients abnormal genomes were easily detectable in blood as well as in muscle, and they were demonstrated in every tissue examined using the polymerase chain reaction (PCR) 7 . PCR was also used to amplify segments of DNA spanning the abnormal junction between duplicated portions in order to map the location of the deletions more precisely. We now present sequence data from these products, and further quantitation of the tissue and cellular distribution of the abnormal genomes.
MATERIALS AND METHODS
Patients: Both had KSS, with ptosis, external ophthalmoplegia, retinopathy, ataxia, proximal muscle weakness and diabetes mellitus. Patient 1 was deaf and had a cardiac conduction defect. Patient 2 was mentally retarded and had stroke-like episodes. Muscle biopsy showed classical ragged red fibres in the case of patient 1. Patient 2 was biopsied early in her illness, and no specific histological abnormality was noted. Samples and Southern hybridisation: Total cellular DNA was extracted from whole blood and from EBV transformed lymphocyte lines 8 , and from muscle, urinary epithelium and fibroblasts in patient I 9 . DNA was digested with BamHI (Amersham), electrophoresed in 0.8% agarose gels, Southern blotted 10 and probed with purified total mtDNA. The relative proportions of normal and abnormal genomes werp then, measured densitometrically using a scanning laser densitometer. Clonality was investigated using DNA extracted from single hairs" or granulocyte clones 12 from patient 1. PCR was carried out using primers across the abnormal junction (D5 or D3 and COl/1 see figl), and with control primers COl/1 and CO 1/4 in a separate reaction to confirm the presence of normal MtDNA available for amplification. Polymerase Chain Reaction: Oligonucleotide primers 20 bp in length were designed to be complementary to mtDNA sequences 13 either side of the abnormal junction (see fig  1) . Thermostable Taq polymerase (Cetus corporation) was used with buffers and dNTP concentrations as recommended (MgCl 2 1.5mM), and a computer controlled alternating temperature water bath (courtesy of Dr Tom Kocher). Denaturation was at 93 °C for 1 minute, annealing at 37°C for 1 minute and extension at 73 C C for 2.5 minutes for 30 cycles. In the case of patient 1, PCR was carried out using primers CO1/1 and D3 to obtain a 1.3kb product for cloning. In the case of patient 2, the 1.8kb product of PCR using CO1/1 and D5 was used. Contamination was excluded by simultaneous PCR on controls, unaffected relatives and 21 other patients. Cloning: PCR products were separated from unincorporated dNTPs using a Centricon separator. Any ragged ends of the PCR products were filled in with the Klenow fragment of DNA polymerase 1, cloned into a modified bacteriophage M13 mp8 14 using standard conditions for cDNA cloning. The ligated product was then used to transform E.coli JM101 using the Hanahan 15 protocol. White plaques were screened by crude extraction of ssDNA using EndoRstop buffer and electrophoresis. Sequencing: DNA was sequenced by the dideoxy method using Klenow fragment, using the universal ml3 primer in patient 1, and sequencing primer CO 1/3 (see fig) in patient 2. Sequence was analysed using the Staden package and the EMBL database.
RESULTS

Sequencing
A single clone was obtained for each patient. Sequencing confirmed the preliminary mapping data for both patients (fig 2) . In both cases the gene for cytochrome oxidase subunit I is interrupted: by apocytochrome b in patient 1, and by tRNAthr in patient 2. The mtDNA of both patients is therefore duplicated for about half of the total length of DNA, and carries two complete copies of the genes for NADH dehydrogenase subunits 1 and 2, for both rRNAs, for several tRNAs, the D-loop and both origins of replication. In the case of patient 1, the reading frame for cytochrome oxidase subunit 1 (MTCOXl) was interrupted at base no 6130 with base no 15056 of apocytochrome b (MTCYB) sequence out of frame without any intervening sequence (fig 2a) . If transcribed and translated this would result in a truncated peptide consisting of the first 76 residues of MTCOXl sequence followed by 20 abnormal residues unrelated to the normal MTCOXl or MTCYB amino acid sequence before the first stop codon is generated. In patient 2, MTCOXl sequence is interrupted after base no 7354 with base no 15913 of the tRNAthr sequence without any intervening sequence. There was a homologous portion 3 base pairs in length in both parent strands. If transcribed and translated this would result in a peptide corresponding to the first 497 amino acid residues of MTCOXl followed by one abnormal residue before the first stop codon is generated. In order to investigate the possibility that reciprocal deleted genomes might be present corresponding to the DNA portion effectively deleted between the duplicated segments PCR was also carried out using primers CO1/4 and Cytb2. If these genomes existed they should give rise to products 1.4 and 1.1 kbp in length. No product was obtained although each primer was able to generate product when used in other appropriate combinations.
Tissue distribution
Densitometry revealed that normal and abnormal mtDNAs comprised approximately 32 and 43% of the total mtDNAs in blood in both cases 1 and 2 respectively (table 1). Patient 1 had 20-25% abnormal genomes in muscle. No muscle tissue was available for patient 2. Southern hybridisation failed to detect abnormal genomes in hair, fibroblasts, or bladder epithelial cells, but these were detectable using PCR (see table), suggesting that they were present at low levels. The relative quantities of PCR product from individual hairs and granulocyte clones suggested that the proportions of normal and abnormal mtDNAs varied in different cells within the same tissue.
DISCUSSION
The sequence data on these two patients confirms the mapping data, and taken together these demonstrate tandem direct repeats. A single clone was sequenced in both cases, and it is possible that additional populations of mtDNA exist in these patients 16 . As there was no evidence for this on either PCR or Southern hybridisation, any such populations must have similar rearrangements or be present in low levels.
As none of the PCR products from the small tissue samples was sequenced, it is not absolutely certain that they represent the identical duplication. However, the products were all the same size as those from blood which were sequenced.
Of the tissues investigated, duplicated mtDNAs were only detectable using Southern hybridisation in blood and muscle. PCR revealed that they were present in every other tissue investigated, and although not strictly quantitative it is reasonable to suppose that the variation in quantity of product between different hairs and granulocyte clones may represent differences in the proportion of abnormal genomes in different clonal lines. Surprisingly, the proportion of abnormal genomes was higher in blood than muscle in patient 1. However, it must be remembered that the muscle sample was obtained 9 years before the blood sample during which time her muscle power deteriorated. It may be that the duplicated genomes have a replicative advantage over the normal. Moreover, as only one muscle was biopsied it might not be representative of the overall distribution.
What is the relationship of these mutations to the clinical phenotype? Their absence from normal family members and from large population studies argues that they are causal although the mechanism is uncertain. Mitochondrial function could be impaired by an abnormal product of the rearranged genes, or by a relative excess of normal products. In both of our patients, one of the two copies of mtCOXl is interrupted, and if transcribed and translated these fusion genes would give rise to truncated COl peptides 96 and 485 amino acid residues in length instead of the normal 513 residues. These might compete with the normal subunits prevent the normal assembly of cytochrome oxidase and hence lower its activity. There is a precedent for this in cytoplasmic male sterility in petunia 17 . Alternatively, the duplicated regions might cause harm by resulting in an excess of the products they encode (for instance protein subunits of complex 1, or transcripts such as rRNAs and tRNAs) which might interfere with correct RNA processing, or unbalance the kinetics of multimer assembly. However, duplications in a similar region in lizards 18 appear to be phenotypically silent, making the former slightly more likely.
The mechanism by which the duplications have arisen is not clear. Tandem direct duplications are equivalent to deleted dimers, in this case deleted by 8-9kb . Dimers may rarely occur during normal replication 19 , and an 8-9kb deletion in one of these could have given rise to these duplications although there is very little homology at the breakpoint in the parent strands 20 . Alternatively, duplication could result from recombination with a transducing deleted mtDNA 21 . However, mtDNAs with the reciprocal deletion which would be predicted in either case were not detectable using 30 cycles of PCR, and if present must be a low proportion. As such mtDNAs would not contain any origins of replication and might not replicate, their apparent absence does not exclude either mechanism. It may be noted that the sequence 'GAGG* or 'CCTC' which has recently been implicated in rearrangements of nuclear DNA by Picolli et al 22 is present at or near the breakpoint in two parent strands in patient 1, and one in patient 2.
Further work on rearrangements of mtDNA in health and disease will provide new insights into mitochondria] function.
